A novel spinneret and modified electrospinning method is introduced wherewith nanofibers can be produced with high-throughput. The main conception of the system is to continuously supply the polymeric solution through a narrow, but long gutter bounded by a metal electrode having sharp edge. As there is no high free liquid surface volatile and low boiling point solvents can be applied that makes the method suitable for pharmaceutical and biomedical applications. In this study the operation of the spinneret was tested with polyacrilonitrile/dimethyl-formamide and poly-vinylpirrolidone/ethanol solutions. The charge 2 concentration -related from the construction -was investigated by finite element analysis. The highest electrical charge density is formed along the sharp edge what results many self-assembled Taylor-cones that is also confirmed by the first operation experiences. The productivity of the technique can be two orders of magnitude higher than that of the single capillary method.
Introduction
Electrospinning has gained a high interest in the last years as it is a simple method for generating nanofibers. The process can be commercially feasible, as there are currently companies which produce nanofiber mats and nowadays application of these can even be realized in filtration masks or HEPA filters, protective or military clothing, etc. [1] . It is a promising technology especially in the pharmaceutical industry based on price and performance analysis. Electrospun nanofibers have unique advantages for dissolution enhancement of drugs with poor water solubility (e.g. high specific surface area, complete amorphization, formation of solid solution, providing supersaturation, better wettability, [2, 3] ). However, the applications of electrospun nanofibers in this field are in just the early development phase. Probably, one of the main obstacles of industrial development and commercialization of electrospun material-based pharmaceutical formulations is the challenging scale-up of the technology and to comply with the strict standards.
At classical electrospinning the fibers are formed by electrostatic forces, instead of mechanical ones. Both the main advantage and disadvantage of the technology is that fiber formation and deposition happens in the same time and space, resulting in a nanofibrous mat with quasi-random fiber orientation [4, 5] . The technique is therefore efficient as having one technology step, forming nanofibers and fiber structure in a top-down process. Preparation of special fiber structures is possible using coaxial [6] , triaxial [7] or side-by-side [8] electrospinning techniques.
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There are also special setups making possible to form oriented and aligned structures [9] [10] [11] , nanofiber yarns [12] [13] [14] [15] [16] , coated [17] and 3D structures [15] , etc.
Although electrospinning technique itself is quite simple, it is still a big challenge to increase the productivity of the process [17] . One capillary typically has an output between 0.1 and 5 ml/h, depending on solvent, polymer and different additives. The produced fibers typically have a mass flow one order of magnitude smaller as the solvent has to be evaporated [4] .
The simplest way to increase the productivity of electrospinning is the multiplication of the needles. Their number can reach thousands and the productivity can be increased significantly, however cleaning of such a spinneret is rather difficult and clogging of the needles can cause serious solution feeding and spinning problems [19, 20] . Electrospinning can be implemented by using capillary holes instead, leading to a simpler construction, but the same fiber formation and maintenance problems occur [21] .
The emerged difficulties related to the needles can be avoided by using needleless electrospinning methods. Electrospinning from a free liquid surface without using needle is possible if the gradient of the electric field is high enough at the liquid surface therefore the jet forming forces and stresses can overcome the surface tension of the solution. Several types of needleless fiber spinnerets have been developed for increasing the productivity of nanofiber manufacturing. Conductive magnetic particles [22] or cylinders [23, 24] , discs [25] , wires [26] , balls [27] can be agitated or rotated in a polymer solution and many self-organized Taylor-cones can be formed from the surface of them which can result in high throughput production.
Conducting gas into a polymer solution to achieve bubble electrospinning [28] [29] [30] [31] is also capable to increase the production rate of nanofibers. Lu et al. [32] used a conductive rotary cone as a spinneret together with a glass pipe as a feeder for high throughput electrospinning. The glass 4 pipe directed the polymer solution to the outer part of the charged rotating cone and Taylor-cones were formed at the bottom edge of the spinneret. The main challenge which emerges concerning this technique is the controllability of the polymer solution supply at the edge. Thoppey et al. [33, 34] have recently described a similar method which is bowl-based and called edge electrospinning. A fluid-filled bowl was used both as a polymer solution container and as a spinneret. The reported technique is a promising scale-up approach of electrostatic spinning, however it is a batch method and continuous production of nanofibers would be preferred from industrialization aspects.
All things considered, the main drawback of the mentioned needleless methods is the occurrence of a relatively large free liquid surface (at polymer solution container and/or at rotating cone taper) where besides jet formation other, undesired processes can take place such as water vapor absorption, solvent evaporation and in extreme cases ignition due to corona discharge, too.
Concentration and composition change of the polymer solution due to solvent evaporation or water vapor absorption can cause serious negative effects on the electrospinning process. Thicker fibers, solid material at the spinneret (beards) or unsolidified material on the collector can occur especially in case of long-term production, thus the avoidance of excessive evaporation and water vapor absorption is required to develop an industrially feasible electrospinning process. In industrial scales it is also important to keep a low solvent concentration in the electrospinning space. The ventilation leads to even more significant changes in the solution having a considerable free surface.
Water vapor absorption can be minimalized by controlling the humidity of air, however the avoidance of excessive evaporation when a volatile solvent is used (e.g. tetrahydrofuran (THF), dichloromethane (DCM), ethanol, methanol, acetone, etc.) seems complicated if a relatively large free liquid surface is present for evaporation. Probably, that is why mainly solvents with high 5 boiling point (e.g. water, DMF) were used in the earlier-mentioned publications partly because of the application of volatile solvents which seems incompatible with the presented needleless electrospinning techniques due to the presence of relatively large free liquid surface. On the other hand the reason why solvents with low boiling point are predominantly used in pharmaceutical formulation is their easier removability resulting in << under the limit>> residual solvent content in the product which might be crucial for solvents with higher boiling points (e.g. DMF).
Thus the aim was to develop an electrospinning method which is capable for high-throughput production of nanofibers and suitable to use volatile solvents in order to meet the requirements of the pharmaceutical industry. The novel technology offers continuous operation with highthroughput and a simple, easy-to-maintain needleless spinneret construction operating with minimized free liquid surface hence minimizing the solvent evaporation. In this paper the new electrospinning method and related results with a volatile (ethanol) and a less volatile (DMF) solvent are introduced.
Materials and methods

Approach
A novel electrospinning method and spinneret was developed and patented [35] by the authors.
The main conception of the spinning system is to continuously supply the polymeric solution 
Applied materials
In this study two different materials were studied to demonstrate the operation of the new spinneret and related technology. To study the electrospinning process with a volatile solvent PVPK30 (BASF) type poly-vinylpyrrolidone was dissolved in ethanol to make a 20 wt% concentrated solution. In our former studies [36, 37] we gained a lot of experience with polyacrylonitrile (PAN) therefore we used it as a second model material of the process. Filament fibers acquired from a carbon fiber manufacturing company (wished to remain anonymous) were dissolved in dimethyl-formamide (DMF, Aldrich) to create a 12 wt% solution. This solution concentration was optimal for single-needle electrospinning based on our former results.
Electrospinning parameters
In this study the operation of the novel spinneret was compared to that of the classical, singlecapillary electrospinning method, where a single, hypodermic needle with an inner diameter of 0.7 mm was applied. The corona-spinneret was tested in two different constructions, a smaller one made mainly by rapid prototyping and a bigger, improved prototype that was a machined aluminum construction. The sharpened electrode's (Figure 1. 2. ) diameter was 42 mm and 110 mm respectively. MA2000 NT 65/P (Hungary) type high voltage power supply was used for the experiments. The applied voltage, the distance between the grounded metal electrode and the corona-spinneret was set to 55 kV and 120 mm, respectively. Solutions were fed by Aitecs SEP-10S plus (Lithuania) syringe pump with the maximum flow rate which produced permanent fiber formation without overflow. The attainable flow rate was tested by continuous fiber formation and stable operation for at least 2 hours. The rotation speed of the spinneret was 90 rpm. The nanofibers were collected on a polypropylene nonwoven substrate with a constant traction speed of 100 mm/min.
From this textile the nanofibers could be easily peeled off.
The prototype of the electrospinning device equipped with the aluminum corona-spinneret can be seen in Figure 2 
Image processing
Scanning electron microscopy (SEM) was carried out on the produced nanofiber mats by JEOL 6380 LA (Japan) device. The surface of the samples was coated by JEOL JFC-1200 fine coater with fine gold-palladium (Au-Pd) alloy layer in order to avoid their charging. The determination of the average diameter was performed by using UTHSCSA Image Tool 3.0 type image processing software.
Finite element analysis
Finite element analysis (FEA) was carried out by Ansys FEA software in order to get a detailed view on the electric field distribution of the classical and the self-developed methods. The results of the local electric field intensities of different methods were compared.
Results and discussion
Finite element analysis of the processes
In order to compare the single needle and corona-electrospinning finite element analysis (FEA) was carried out. The geometry of our first prototype spinneret and the conventional single needle was applied, respectively for the simulation. As boundary conditions the upper part of the stainless steel collector electrode was grounded and the electrode of the same material was charged to high voltage. The other parts of the corona spinneret are made of (and modeled by) insulating plastics and besides that air is present in the fiber forming space. All the conditions (collector-spinneret distance, size of collector, etc.) was set according to the nanofiber production experiments, and in order to investigate the forming electrostatic field the applied voltage was set to a step of 1 kV in both cases. The results of the electric field analysis can be seen in Figure 3 . 
Experiments with PVP
The Taylor-cone formation during the process can be seen in Figure 5 . for both the small, rapid prototyping-made (d1 = 42 mm) and the bigger aluminum (d2 = 110 mm) prototype spinnerets.
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Even distribution of the forming nanofibers can be observed along the edge of the charged electrode. 
Experiments with PAN
The 110 mm diameter corona-spinneret showed highly-increased productivity compared to that of the single-capillary setup. With the PAN-DMF material the continuous flow rate reached 60 ml/h while the rate of the capillary setup was only 3 ml/h. The nanofibers were deposed in an approximately 280 mm wide continuous stripe. From the spinneret-collector distance, the diameter of the spinneret and the deposition characteristics it could be calculated that the fibers are scattered and diverged within 37° angle from vertical travel direction due to the repulsion of the parallel formed jets and electrospinning instabilities. That also fits well to our expectations based on the FEA model (Figure 4. ). It is assumed that the fibers would travel perpendicular to the direction of the equipotential lines (i.e. to the direction of more sudden color change). As a first approximation this gradient vector points approximately in the direction where fibers are formed and deposed. Geometrical considerations and experimental observations shows that in the case of single capillary setup this fiber deposition region is smaller; the related deposition 13 scattering angle is estimated to be 15°only (that is the angle of the half cone of fiber formation space).
The jet formation required approximately 20 kV in the case of single capillary and 40 kV in the case of corona-electrospinning. By increasing the voltage to 25 kV and 55 kV, respectively, the processes became more stable and effective. In the case of corona-electrospinning the number of jets was counted and it was found to be 176 ± 16 / m relative to the edge length of the metal electrode. In such sense the process acts like having capillaries arranged in every 5-6 mm.
Besides the productivity, the morphology of fibers is also an important standard of quality. The SEM images of the PAN nanofibers can be seen in 
corona-electrospinning
The fiber diameter distributions can be seen in Figure 8 . The average fiber diameter (and its deviation) was 214 nm ± 68 nm in the case of single capillary, and 187 nm ± 65 nm in the case of corona-electrospinning that is 15% smaller. It can be explained by the results of the FEA analysis. Higher local electric field is formed close to the spinneret, where the material is yet unsolidified (Figure 3. ). Compared to the former case with ethanol in this case the solvent evaporation is slower making possible to generate thinner fibers. 
Conclusions
The novel approach makes possible to produce nanofibers by high throughput with a simple construction spinneret. The method is efficient as the applied electrode is a sharp edge that concentrates charges exactly at the location where Taylor-cones are formed which was confirmed by FEA simulations. As there is no high free liquid surface volatile and low boiling point solvents can be applied. The operation of the new spinneret and the method was demonstrated at PAN dissolved in DMF, and at PVP dissolved in ethanol. The diameter and morphology of the resulted nanofibers are close to those which were processed by the classical setup. The rotation of the spinneret made possible to avoid the overflow of the electrospinning solution and led to higher flow rates. A small size prototype made possible a 20-50 time increase in productivity compared to the single capillary method. The density of forming Taylor-cones is in the magnitude of 100-200/m depending on the material, the construction type and spinneret size [19] ; however detailed description needs further research. In the future it is planned to determine the optimal distance between the round-shaped electrode and the lid and the optimal construction of the spinneret in order to further develop and exploit the promising preliminary results.
